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HANDLING QUALITIES OF LEI4 SPACECRAbFT 

USING AN ON-OFF THRUSTER LOGIC ATTITUDE COmROL SYSTEM 

SUMMARY 

A piloted analog simulation of the f i n a l  phase of lunar landing has 
been conducted by the Systems Analysis Branch, Guidance and Control Divi- 
sion. 
of the LEM spacecraft having an on-off thruster  logic a t t i tude  control 
system. 
command and r a t e  command-attitude h b ~  nodes of opewtion. 

The purpose of t h i s  study was  t o  determine the handling qua l i t i es  

Handling qual i t ies  of the vehicle were determined f o r  the rate 

m e  study revealed tha t  the present I;EM control system provides 
sat isfactory p i l o t  handling qua l i t i es  when operated i n  the rate command 
mode and unsatisfactory handling qual i t ies  when opemted i n  the rate 
cammd-att i tude hold mode. 
i n  the r a t e  command-attitude hold mode are: 
rate t a  a t t i tude  feedback and 2)  increasing the deadband limits. 
bot4 of these nethods affect  other system characterist ics and it i s  

sugges-t;ed t h e t ' t h e  tapact of these changes be determined. 

Two methods of improving handling qual i t ies  
1) increasing the r a t i o  of 

However, 

' INTRODUCTION 

The handling qual i t ies  of the I;EM spacecraft duking the f i n a l  approach 
t o  lunar landing have been investigated by in-house rjtudies (ref. 1) and 
contracted studies ( re f .  2). These studies, f o r  the most part ,  have assumed 
the LEN employed l$near proportional a t t i tude controt systems, although 
reference 1 did assume an upper l i m i t  t o  contr3,l power and thus, for  large 
commanded rates  and at t i tudes,  the control systems Bdhibited some Dan-linear 
characterist ics.  
i n  f ac t  be used an& attempts t o  correct the f i n a l  results by upe of an 
"equivalent time constant". However, the study resu l t s  of reference 3 
indicates the acceptance boundaries of reference 1 may be quite conserva- 
t i ve  f o r  on-off thruster  logi'e (equivalent t o  PRM. logic fo r  manual control) e 

The reason fo r  this ,  as noted i n  reference 3, i s  t h a t  f'or on-off thruster  
logic full control pmer i s  applied t o  correcting the 6,ttitude anytime the 
error  signal is larger  than the deadband. In  a l i neas  proportional system 
the  control parer 8ppLied'to correcting an error  i s  proportional t o  the  
error. 

Reference 1 does point out t h a t  l inear  systems w i U  not 

' 
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The on-off thruster  logic, then, corrects the, error  much mork 



*& I_- 

2 

rapidly (approxQnate$y twice as fast) than the proportional system. 
of t h i s  rapid attainment of a t t i tude change t o  commanded att i tude,  the 

Because 

. p i lo t  rating of the two systems having equal control power i s  lower (better) 
for  the on-off Poglc: than for  the proportional system, 

Unfortunately, the study of reference 3 w a s  limited i n  scope and as a 

consequence on$y a portion of the required data of on-off logic handling 
quali t ies was  qetennined. The data tha t  have been determined needed t o  be 
expanded t o  cleqcly define the satsifactory region of t h i s  type of control 
system. 
the parameter8 $ha.% must be varied have been f a i r l y  well definedr 

The repmta of reference 3, however, are useful i n  tha t  some of 

To provade %)le necessary data, the Systems Analysis Branch, Guillance 
and Control Piv$s$on, has conducted a piloted simlatgon of the f i n 4  phase 
of lunar $andin$ t o  define the handling quali t ies for t h i q  maneuver of 
att i tude contrs4 eystems employing on-off thruster lo&ic, 
control systew plo4es investigated included rate command and rate command- 
at t i tude hold. parameters examined were maximum ra te  comtnand, contra$ 
power, deadbani\, r a t io  of ra te  t o  a t t i tude feedback. Evaluation of 
these sys$epla ~ 8 8  qm$e by experienced p i lo t s  using the Cooper Pating €kaler  

The attitude 

DESCRIPTION OF SIMULATION 
!Phe si&4t$an pt" the Sinal. phase of the lunar landing maneuver was 

accomplished by aoppZing an analog solution of the eqqations-of-mot$on t o  
a fixed base conkpit containing the p i lo t  controls and $Light instrrm- 
ment dispJays 
orbi ta l  terns ($'$a$ "maon" assymption) since the velocit ies encountered 
durlpg the la~@$.nlr, waneuver are small. 

assumed t o  be k50. g$ugs (approximately correct for  present L;EM during 
hsvsr) and waa heail aonstant throughout a given run. The main engine 
o$? tpe LEN warj @ws\q.wd, t o  have a continuous thrust  variation from 1,050 

La 10,500 poundsr 
figure 1. 

p s  equations-of-motion (Appendix A) did not contain any 

Mass of the LEN vehicle wae 

4 #'Xow diagram of the complete simulation is  given Pp 

Flight Instrument Displays 
The instrument displays used i n  the simulation are shown i n  figure 2. 

In addition t o  these instruments, a 17-inch oscilloscope was used $0 depict 
downrange and crossrange distance of the LE%f from the landing sitso 
ment of the dot corresponded t o  a PPI radar display. 

Move- 
Information presented 

t o  the p i lo t  on the other instrument was:  i 



->-,.n, P . ~ . - ~  - Qisplzye6 z:?.itl;de c?' the LEX w i t r l  resp-zt  !io t h e  lw1ar s u r f a c z  

AI t i t u d e  m d  lilt.i.t-2.iie R : i t e  - Presented oti two sepa ra t e  meters h a \ i r l n :  

se? e c t a u l e  s c a l e s  
e a 

Body Velc~!t , ies  - .Body rat.es 3' ar.?. z were e n  twc s e p e a t o  meters 

!iav% iig s eLe ct ti! &e scales 

aO6y Am{Lii.ar Rs5es - Pitch rxt,t: was ?resented on t h e  v e r t i c a l  l e f t  

1imd and j.av r a t e l  or: t h e  horizo:ita! needles mounted on t h e  3'DAIe 

i , h t e  was on the  cirter l o c a t e d  c?ire?i.l;r above t h e  FGAIe Maxi~iiw. rates 

Roll  

T - 0  n + r e  1 5  degrees;second, 

Thrus t - to -we iGht -~e te r  - IncEcatcd ratio of main engine t k r u s t  ~ C I  weight 

of t h e  LEM 

The selec ' i3ble s r z l e s  f o r  t h e  vzrir\Gs instruments  can he determined from 
f: ' 8  - m e  2, 

Con t r o l  1 er s 
A Gemini t ype  controller WLS used t o  :rake a t t i t u a e  cr:anges (;f the  

vehic1.e. The main eagine tbzot 'Le control  had e s s e n t i a l l y  t h e  same 

xovenzents as t h e  i n t c g r a t e c  t k o - k t l e  propc>s?i~ for t h e  LEN vehia1.e. Hm- 

ever, t h e  t r a n s i a t i o n a l  c o n t r o l l e r  ( T - h a n d l e )  was not  use(!. l.n t h i s  ~ i m ~ -  

! . R t i m ,  'The a l t i t i ide and main engine t h r n t t l e  c o n t r o l l e r s  3i-e showr, i n  

f i g i c e s  la ma 3b, r e s p e c t i v e l y ,  

Contrcl Sysl;m 

Th? c o n t r o l  sys.Lem used i I !  t h i s  system iia.3 capable cf operatifig i n  

eicker .2 r5t.e cornmmd or  ra te  ccixmana-att,ltuie hold  SQdz as i n d i c a t e a  il? 

f i g r e  4, Variables of t h e  c o n t r o l  systern iucladed maxfmum rate corr~mand 

(K,>) rieadir,%rid, control. pcwr  (M/I)) ar :d  ra.t;io of rate t c ?  at t , i tude fee&- 

back ( K 3 )  I 

the deacihna, 

anLC yaw axes systems, except f o r  commani;ed and c ~ ~ t r o l l e d  qu:s i t i t ies ,  

were idie1:tical t o  t h e  p i t c h  axis system, 

L 

Hysteresis  of t h e  control cysten w a s  assumed t o  be 10% of 
" 

F i g w e  4 i s  a block diagrm of' the  p i t c h  axis; t h e  r o l l  

* A "  .. downrange and 500 f e e t  crossrange,-  The. hdown 

with the  main engine a t  i d l e  cu to f f  with an a 
.* I 

e r a t e  of l e s s  than 
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5 feet/second. Secondary tasks were used t o  cross check p i lo t  opinions 
of the various control systems. 
p i l o t  maintain a hover condition for  a specified length of time, the 
second task was t o  have the p i l o t  fly i n  from a dkownraqe of 3900 f e e t  
and a cyossrange of 500 fee t ,  

One cross check task w$s t o  have the 

I Test Matrix 

The +est matrix was divided in to  two sections t o  investigate the 
two types of contpol systems. 
cummand (RC) mode and then the ra te  cammand-attitude 4o1d (RCAH) mode. 
A randam selection of the various control system parwetiers was made t o  
prevent -&e p i lo t s  from being able 4% anticipate the $olJowing control 
system chamcteyigtias. 
system were1 

1. Contrq4 Pwer 
2.  Maxim~ra teccmmnd 
3. DeadWnll. 

1. Qontro+ ?mer 

2, 

The p i lo t s  evaluated the ent i re  ra te  

%e parameters varied for the mte command 

Parameters varied $97 the ra te  command-attitude hold system were: 

Rat40 $j$ ;pa* t o  attitude feedback 

3 Q  &adban& 
%e t e s t  matrb pontq$ned a t o t a l  of 280 geparate runs) appyaximtsJ.y 
200 foy tbe $30 -jpod,@ end about 80 for  the WAH mode. 

Control System Evaluation 
P i lo t  eva.wt$m of the two control modes was by means of the Cooper 

Rat ing  System wQiak $8 shown is t a b l e ' l ,  
run was recorQ@ 

and an X-Y ~1~9% cap QTossrange vs downrange. 

e m y  were recoa?&il. by the analog computer operator a f t e r  each yun. 

Pi lo t  performance duriw eacb 
$$me histories of vehicle and control system variables 

End conditions of el t i tude 
at t i tqdes @nit gtti tude rates, translati-mal velocittes, and poa%t$on 

DISCUSSION OF TEST RESKLTB 

The resul ts  &a discussed i n  the following sections are base4 an the 
\ 280 runs made by sLx pi lots .  

agree with one another except a t  the higher control power levels. 
control powers of greater than 50 deg/sec 
rated the control systems higher (worse) than did the military-rated 

pi lots .  

In  general, the t e s t  subjects tend@@ t o  

For 
2 the engineer t e s t  subjects 

The on3y reason fo r  this was apparently %hat the engineer tqst 
I 
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subjects did not cape for  violent eight-ball motions. 
control systems< f o p  this, the non-military p i lo t s  violawed the ground 
rules since they were evaluating Something that was not being investi-  
gated. However, the portion of the results so affected was re la t ive ly  
small and the averall results obtained should be a c c w $ e .  

;3y derating the 

Rate Command Mode 
Pi lo t  rat$pgs of a l l  the rate camnand systems defined three d i s t inc t  

satisfactory Fe&one comes-$ond;tng t o  I %$e tbme different  de.izdban& used. 
These regiong are shown i n  figure 5. 
corresponds t o  the 8maLLest deadband. 
the satisfactoyy region became progressively smaller. 
the sa t i s fac tow poundary s h m  f o r  a 0.1 deg/sec deadband was not 
actu&Ll.y determfpeq a8 s h m  because the highest maximum rate camman4 
used was LOO deg/gsr,, 

deadband, the u ~ v r  boundary might possibly have been h$gher, 4nd i q  
fact ,  might not fwsq be closed as shown. 

The la rges t  satisfactory region 
As the deadband Oncreased, 

The upper past of 

If a higher maximum ra te  had been used for  t ha t  

The satisfactory regions for  the 
- ,. , . J ' -3 other deadbapdq 4rs, bowever, closed as shown. * t  

A high aoq$pclJ, Tower could not be used ef f ic ien t ly  w$th the $aygey 
deadhnds bsoawe *B sens i t iv i ty  was too high f o r  nulzillg the &$ft rate, 
This $ne af sy@+tq @&ways caused the p i l o t  t o  overcontrol. the high Q$ft 

ra te ,  When the O& cfeg/sec deadband was used, howevey, small $ulpulses 
were not Tequipd. $0 constantly control the &iPt  wtq and a k$gher cantro$ 

pmer was deslw4, 
~ . t ~ ~ o ~ g k  WWLTBWB rate ammand was varieq up $0 LOO @&ea, none 

of the p$lote we uwch pore than about 40 deglsec a t  any tiw, Xs faot, 
it appeayerj. t&@$ qrrpax$wum rate of 30 deg/sec was adequate for 4ny of the I 
where the contppq ppwar was s e t  a t  a l o w  n l u e  (such as 5 deg/sec ) j  a 
mftlc#n?.pn m t e  o$ 30 @eg/sec was higher than desired, 
pwpr and a re&$Xve7y high maximum rate,  the piloL usuaUy 7miJ.t up 
a r a t e  too high Toy $he control power available. 
overshooting Q e  a.t;$itude desired. 
power below 5 deg/sec was always unsatisfactory DO matter how the other 
parameters were varied. Also shown is the f a c t  thaf contpolpolwey~ under 

C O Q t Y O l  %asks $y@q to the plJ.ot In this pimulation, Moreover, i n  oases 
2 

With very low rJontro& 

!&is w&d result $Q 

It is shown i n  figure 5 that a.cacrontroJ. 
2 
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2 10 deg/sec were almysmsatisfacbjq-when a deadband of 1 deg/sec was used. L;- 

For camparison, the satisfactory regions f o r  0.25 and 1 deg/sec dead- 
bands obtained #‘ram reference 3 are shown i n  figure 

fiscrepancy e x i g t s  between the results of this study an& that of reference 

3. 
thorough.enom $9 obtain a true outline of the satis$aatory regions. 

It appears that some 

However, $$ $8 believed that the study made i n  re$erence 3 was not 

Rate Cammand-Attitude Hold Mode 
The result@ of the t e s t s  on ra te  cammand-attitude hold mode of opera- 

t ion have been av ided  in to  two deadbands - 0.1 degree and L O  degrees. 
Tests were alsa conducted for  a 0.2 degree and a 0.5 4egree deadband, but 
the results inacsated there was no diifference between the 0.1 and 0.2 

degree deadban4 0.5 and 1.0 degree deadband. The satisfactory bound- 
ar ies  of p i l o t  mt$,ngs obtained for  this at t i tude mode are  shown i n  figure 
6a and 6b. 
deadband of O,& degree. 
back below 1 rujwj-rsd higher values of control power t o  malce the system 
satisfactory, 
caused the sys-kn t;Q pe quite oscil latory whereas high con.tpo$ pwers 
tended t o  daap gqat $.$as oscillations fas te r  than l o w  contra$ powers, A$ 
values of rats $‘sq@x%ok above 1.5, the p i lo t s  cammented that  the syatem 
was too ~&uggi.s&~ t;k@ result 09 the system being overbped .  
higher coqtq?ol PQwep i s  desired when the rate  feedback j-s high $0 w&e 

the system Tesa $.uggisb. 
top beaause thrrt P Q ~ $ Y O ~ .  power wa,p varied only up t o  100 &g/ssc a 

This poundam &a $&e same general shape 6s the one fo r  the 0,J. degree dead- 

band, 
for  me a.0 degprsrs QadPand goes t o  a lower value of p t e  feedback bsf‘ore 

it Peg$na t o  c- upward. 
t i an  oP system pesponsa sbows no essential  difference for the 0.1 and L O  
degree deadbapdq haying e q w l  control powers. 
the 1.0 degree 3s a b w t  lo$ less  and the naminal &wing not more t&n $O$ 
greater than a system having an 0.1 degree deadband. A pi lot ,  $n general, 
cannot discrimimh between systems having characteristics this cloae 
together. 

Figup3 & shows the satisfactory region as determined for  a 
As indicated i n  this figure, values of rate feed- 

@e Faason f o r  this is  that low values of Tate feedlac& 

!lbus, a 

The 3.5 p i lo t  ratlng boundary $8 opes a t  %ha 
2 

Figure 612 abws tbe 3.5 p i W  rating boundary for  a l.0 degree deadbanrrl., 

%e w$q @$&?$%pnce is tbat the lower l e f t  comer 02 tbe powdary 

?Fa@ reason,for this is not clear. A n  examins- 

The nominal freqqency of 

A more +,borough investigation of t h i s  phenomenon is necessary. 

I 



Impact of Study Results on Spacecraf% 
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%e present LEM vehicle has a maximum rate commajnd of 20°/second, 
2 a two j e t  control power of about 5.5 deg/sec , and selectable deadbands 

of 0.1 and 5,O degrees. According t o  figure 5, the hiatdling qual i t ies  
of this system with a 0.1 degree deadband are barely acceptable. 
j e t  control system, which has a control power of 3.L deg/sec2, provides 
good handling qtl&l i t$es, but at  the expense of increased a t t i tude  fue l  
consumption. 
w i t h  asatisfactapy control system. (. 

A four 

#$ther two OT four j e t  operation, then, provides the p i l o t  
* 

TMs, howeve(r, j g ~  not t rue  for the  rate command-attitude hold mode 
of operation, 
feedback of I,a- dwipg descent. From figure 6a, a control power of 5.5 
deg/sec2 and 8 Tatia of r a t e  t o  a t t i tude  feedback of '1,2is outside the 
sat isfactory reeion, 
operating p0in.t; G$%fiin tp the satisfactory boundary, in&&-&' the handlbg  

qualities just' gct&$actory. 
d e ~ / s s c  a ,' rate gain cjf at l eas t  1.5 using 4 0.1 degree dead- 
band, 
t o  1.0 degree woq,$.Q'providea satisfactory system with a r a t e  gain o f i , r  

2 
and a controJ pmep of 5.5 deg/sec ; doubling the control power places 
the  controj sg@w nperating point w e l l  within the satisfactory regionl, 

!$be present IEM spacecsaft has a r a t i o  o f  rate t o  a t t i tude  

2 Doubling the control power t o  11 deg/sec moves the 

To obtain a satisfactory sygtem with 'j 
2 

Figure I$, DQ the other hand, shows that increasing the? deai?.mil 
gaquipgg 

From thia i#aoVssim, it $8  apparent t ha t  the  rate comnuW-attStude 
hold mode af cqOtro$ Bystem operation should not be used ualssa the  r q t i o  
of r a t e  t o  at-@tud.@ Peadback 
doing e+ther ana of these may pot be pract ical  sipce increasing th@ r e t i o  

the deadband limits are Increased, Hwevey, 

of' rat;e t o  att$tvde? feedback affects other system chwacter$st$cs while 
increasing tks Maclband. probably compromisea abort guidance perforwqce 
The sj?#'ect of these, changes on.system characterist ics should be detemnlned, 

CONCLUDING REMARKS 

The results of t M s  simdation ver i f ied the hypothesis thq.t orpoff 

thruster logic control systems produce bettor handling qual i t ies  with 
low control powers than do quasi-linear propartional control systems e 

&rela t ive ly  high aontrol powers, however, the handling qualities of 
these two systems 'an t he  r a t e  command mode are about eqavalent  p$?otfidin$ 
small deadbaads w e  used i n  the  on-off logic. For lWgfW deadbatlds and 



large control powera, the handling qual i t ies  of the owoff system i n  a 

rate cammand mode deteriorate and the satisfactory region of operation 
is l e s s  than tbe prcrportioml system. 

Operation $n a p&e command-attitude hold mode indfcated that the 

on-off logfc a)so provided bet te r  handling; qual i t ies  a t  low control 
powers than doeg tbrj proportional control system, 
bands investigated i n  t h i s  study, no deterioration of bnUiw qualities 
was noted as We @ad*band became larger.  In  fact ,  i n  some regions (that 

of medium ratioq of w t e  t o  a t t i tude  feedback and l o w  control powers) a 
large deadband gave be t t e r  handling.qpaLities than did the &ow deadbands. 
This  phenomena ;la 0r.Qgth.y of fixrther investigation, partScylar3Jr On v$ew 
of the present anntrol powers. 

However, f o r  the dead- 

The study eLzso $ndicated the present LEM a t t i t ude  oontrol gystem 

providesSatT,sTt&&y wndling qual i t ies  i n  the rate camman4 mode whereas 
i n  the rate c-nawatti-tude hold mode it exhibits msal4s.J’actcaypiiot 
handling qua$l.-Qeg, me s t u d y  resul ts  revealed that patisfactcpyhand- 
l i n g  qual i t ies  noMa be obtained by 1) increasing the ratl.0 of mte t o  
a t t i tude  Teedbclpk a.&, 2) increasing the deadband l i m i t 4  t a  a t  $east T.0 

degree, 
qual i t ies  sffsolts awep system cbaracterist ics.  
these modliioajxppa pq other syatem characterist ics should. pe detswined 
by analyticaJ, a$uaas, If these studies indicate that thew mod$.$$aat$ona 
cannot pa toJ,em$@4, consideratlon should be given t o  deleting tbs rate 

cammanil-att$tw Po54 mode of control systen~ operatiop i n  We Isi(M vehicle$ 

Howeveti, s$@er of these two methods of improving ’panaing 

Tbe exact $mpmt oP 

i 
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Figure 3b - Throttle Controller .- 


